Vitamin D is widely reported to inhibit innate immune signalling and dendritic cell (DC) maturation as a potential immunoregulatory mechanism. It is not known whether vitamin D has global or gene-specific effects on transcriptional responses downstream of innate immune stimulation, or whether vitamin D inhibition of innate immune signalling is common to different cells. We confirmed vitamin D inhibition of nuclear factor-jB (NF-jB) and p38 mitogen-activated protein kinase (MAPK) signalling in monocyte-derived DC (MDDC) stimulated with lipopolysaccharide (LPS). This was associated with global but modest attenuation of LPS-induced transcriptional changes at genome-wide level. Surprisingly, vitamin D did not inhibit innate immune NF-jB activation in monocytederived macrophages. Consistent with our findings in MDDC, ex vivo vitamin D treatment of primary peripheral blood myeloid DC also led to significant inhibition of LPS-inducible NF-jB activation. Unexpectedly, in the same samples, vitamin D enhanced activation of both NF-jB and MAPK signalling in primary peripheral blood monocytes. In a cross-sectional clinical cohort, we found no relationship between peripheral blood vitamin D levels and LPS-inducible activation of NF-jB and MAPK pathways in monocytes of myeloid DC. Remarkably, however, in vivo supplementation of people with vitamin D deficiency in this clinical cohort also enhanced LPS-inducible MAPK signalling in peripheral blood monocytes. Therefore, we report that vitamin D differentially modulates the molecular response to innate immune stimulation in monocytes, macrophages and dendritic cells. These results are of importance in the design of studies on vitamin D supplementation in infectious and immunological diseases.
Introduction
Vitamin D deficiency is epidemiologically associated with a wide range of autoimmune diseases. Consequently, extensive research interest has focused on the role of vitamin D in immune regulation and tolerance. Vitamin D is synthesized as a pro-hormone from 7-dehydrocholesterol in ultraviolet-B-irradiated skin followed by thermal isomerization, or is replenished by dietary intake, and 25-hydroxylated constitutively in the liver to form 25-hydroxyvitamin D (25[OH]D). 1 Further 1a-hydroxylation is catalysed by the action of CYP27B1 to generate the [3] [4] [5] [6] Vitamin D inhibition of DC-dependent T-cell activation has been primarily attributed to the inhibition of innate immune up-regulation of MHC class II and costimulatory molecules such as interleukin-12 (IL-12) and CD80/86, which are critical for activation of naive T cells. 3 The underlying mechanism for these effects of vitamin D on the canonical function of DC remain poorly understood, but the prevailing view is that 1, 25 [OH]D attenuates innate immune intracellular signalling pathways. Ex vivo treatment of peripheral blood myeloid DC with 1, 25 [OH]D is reported to inhibit lipopolysaccharide (LPS) -induced activation of the classical nuclear factorjB (NF-jB) pathway, 7 and ex vivo treatment of peripheral blood mononuclear cells (PBMC) with either 25 [OH]D or 1, 25 [OH]D has been reported to inhibit LPSinduced activation of the mitogen-activated protein kinase (MAPK) pathway in monocytes. 8 Whether these effects of vitamin D are also evident in vivo has not been tested in human studies. We aimed to extend the existing data on vitamin D modulation of innate immune cellular activation by addressing two questions. First, given the pivotal role of the NF-jB and MAPK pathways in initiating transcriptional responses to innate immune stimuli, we sought to test whether vitamin D inhibited all such responses or inhibited targeted genes selectively. Second, in view of the interest in dietary vitamin D supplementation as a countermeasure to autoimmune diseases associated with vitamin D deficiency, we sought to test the hypothesis in a clinical cohort that vitamin D deficiency and in vivo vitamin D supplementation modulate innate immune activation of peripheral blood monocytes and myeloid DC consistent with the ex vivo studies described above.
Methods

Innate immune stimulation of blood-derived cells
The study was approved by the joint University College London/University College London Hospitals National Health Service Trust Human Research Ethics Committee (ref. 10/H0720/14). The PBMCs were obtained by venepuncture of healthy volunteers and density-gradient centrifugation. Monocyte-derived dendritic cells (MDDC) were derived from magnetically sorted CD14-positive monocytes differentiated in RPMI-1640 culture media (Sigma, St Louis, MO) with 10% fetal calf serum, 100 ng/ ml granulocyte-macrophage colony-stimulating factor (GM-CSF) and 50 ng/ml IL-4 for 4 days. 2 Monocytederived macrophages (MDM) were derived after adherence to tissue-culture plastic and culture for 6 days in RPMI-1640 with 10% autologous serum and 20 ng/ml macrophage colony-stimulating factor (M-CSF). 2 The PBMC, MDDC and MDM were stimulated with either 100 ng/ml ultrapure LPS (Invivogen, San Diego, CA) as Toll-like receptor 4 (TLR4) ligand, or with 1 lg/ml Pam 2 CSK 4 (PCSK, Invivogen) as a TLR2 ligand for 30 min to measure phosphorylation of p38 and NF-jB p65 by flow cytometry, 60 min to undertake quantitative confocal microscopy to evaluate nuclear translocation of NF-jB p65, and 4 hr to measure transcriptional responses.
Flow cytometry
Cells were stained with live/dead stain (Invitrogen, Carlsbad, CA) before fixation in Fix I Buffer (BD Biosciences, San Jose, CA) and immunostaining for cell surface CD14 (clone M5-E2) and CD11c (clone B-ly6) (BD Biosciences). For intracellular markers, cells were permeabilized with Perm/Wash buffer (BD Biosciences) before staining with antibodies to phospho-NF-jB p65 (clone 20/NF-jB/p65) and phospho-p38 MAPK (clone 36/p38) (BD Biosciences) as per the manufacturer's instructions, and analysed on an LSR-II flow cytometer (BD Biosciences). The mean fluorescence intensity of staining of each phospho-protein was used to calculate an activation index represented by the ratio of stimulated to unstimulated samples.
Transcriptional analysis by quantitative PCR and genomewide expression arrays RNA samples were collected in RLT buffer and extracted with the RNA Easy Kit (Qiagen, Hilden, Germany). All samples were DNase (Ambion, Foster City, CA) treated per the manufacturer's instructions. For quantitative PCR, first-strand cDNA was synthesized using the qScript cDNA Supermix kit (QuantaBio, Beverley, MA). Realtime quantitative RT-PCR (qPCR) of tumour necrosis factor-a (TNF-a) (Hs00174128_m1), IL-1b (Hs01555410_m1) and IL-6 (Hs00985639_m1) was performed with Taqman primer probe sets (Applied Biosystems, Foster City, CA). Expression levels of target genes were normalized to that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using established primer probe sets. 9 Genome-wide transcriptional profiling was performed using Agilent microarrays as previously described. 10, 11 Principal component analysis was used to compare global gene expression profiles as previously described 10 and paired t-tests with Welch approximation and > 2-fold change filter were used to identify significant gene expression differences (P < 0Á05) between groups using MULTIEXPERIMENT VIEWER (v4Á9). Transcription factor binding site enrichment analysis was performed using the human single site analysis function in OPOSSUM.
12 Upstream regulator analysis was performed with Qiagen's Ingenuity Pathway Analysis (www.ingenuity.com/), filtering for molecule types to include only genes, RNA and protein. Genes identified as target molecules of p38 MAPK in this upstream analysis were used as gene expression module for p38 MAPK activity, and their geometric mean expression was defined as p38 module score. All microarray data used in this study are available in ARRAYEXPRESS (https://www.ebi.ac. uk/arrayexpress/) under the accession numbers E-TABM-1206 and E-MTAB-4883.
Confocal microscopy
Nuclear : cytoplasmic ratios of NF-jB p65 were derived from image analysis (METAMORPH v7Á17, Molecular Devices, Sunnyvale, CA) of confocal immunofluorescence stains obtained with a spinning disc PerkinElmer Opera LX microscope using rabbit polyclonal anti NF-jB RelA (C-20) (Santa Cruz Biotechnology, Dallas, TX) and DAPI staining as previously described. 13 Cells were seeded into 96-well, optically clear-bottomed, tissue-culture-treated, sterile Viewplate-96 (PerkinElmer, Waltham, MA, product number 6005182) microplates. Olympus 40 9 LUCPLFLN (Numerical aperture = 0Á6) air lens was used to acquire images at two fluorescence channels using 365 nm and 561 nm excitation wavelengths, respectively. Camera binning 2 was used, which resulted in a pixel size of 0Á323 lm. Flatfield correction and skew-crop analysis was performed for optical correction. To compensate the systematic uneven brightness distribution of the optics, reference images were taken for flat-field correction. The 'fish-eye effect' and offset between channels were compensated using bead images for skew-crop analysis. A standard Opera Adjustment Plate (PerkinElmer, product number HH10000650) was used for both flat field correction and skew-crop analysis before image acquisition of each experiment, following the manufacturer's recommended procedures. Twenty-five image fields were acquired, arranged in a 5 9 5 sub-layout at the middle of each well.
In vivo vitamin D supplementation patient cohort
Adult patients, aged 16 years or over, were recruited from the Endocrinology clinics at the Royal Free Hospital for suspected or confirmed vitamin D deficiency, secondary hyperparathyroidism, osteoporosis or osteopenia. 
Results
Vitamin D inhibition of innate immune responses in MDDC
Peripheral blood monocytes differentiated with IL-4 and GM-CSF for 4 days have been extensively used as an experimental model for myeloid DC, 2 which respond to innate immune stimulation with widespread transcriptional changes involving both NF-jB and MAPK signalling pathways. Consistent with the existing literature, 7, 8 we found that MDDC differentiated in the presence of 1,25[OH]D showed attenuated phosphorylation of NF-jB p65 and MAPK p38 in response to 30 min innate immune stimulation of TLR4 with LPS, or TLR2 with PCSK (Fig. 1a) . Previous reports have suggested that this effect of vitamin D may underpin attenuated up-regulation of T-cell co-stimulatory molecule expression by MDDC in response to innate immune stimulation and consequently contribute to vitamin D inhibition of DCmediated T-cell activation. 7 Counterintuitively, a recent report suggests that vitamin D preconditioning enhanced the expression of canonical pro-inflammatory cytokines, such as TNF-a, IL-1b and IL-6 following innate immune stimulation of MDDC with LPS for 4 hr. 14 We observed that MDDC differentiation in the presence of 1,25[OH]D down-regulated basal level expression of TNF-a selectively, but transcription of all three cytokines was robustly up-regulated in response to LPS stimulation. The only significant difference attributable to vitamin D was modest attenuation of IL-6 transcriptional up-regulation (Fig. 1b) . In view of the fact that innate immune stimuli generate widespread transcriptional changes in DC, 15 we extended this analysis to genome-wide transcriptomes of MDDC differentiated in the presence and absence of 1, 25 [OH]D, with or without 4 hr LPS stimulation. We also compared these to the transcriptomes of monocytes from which the MDDC were derived. Principal component analysis (PCA) of these data showed transcriptomic changes in principal component 2 (PC2), attributable to differentiation of monocytes to MDDC and the effects of vitamin D, and independent changes in PC1 attributable to LPS stimulation (Fig. 2a) . We concluded from this analysis that monocyte differentiation in response to GM-CSF and IL-4 is preserved in the presence of vitamin D consistent with another previous report. 16 (Fig. 2b) , suggesting that the range of LPS-induced transcriptional changes is quantitatively attenuated by vitamin D This effect is shown in LPS up-regulated genes specifically, at the level of individual genes (Fig. 2c , and see Supplementary material, Data S1), and by making genome-wide comparison of quantitative fold changes in LPS-inducible transcriptional changes, which gives a regression slope of 0Á5 (Fig. 2d) 
Vitamin D attenuation of NF-jB and p38 MAPKdependent transcriptional responses to LPS
Transcription factor binding site enrichment analysis of the genes up-regulated by LPS can be used to infer the putative upstream transcriptional transactivator pathways. 12 In control MDDC cells, this analysis was consistent with the predominant role of NF-jB pathways in LPS responses (Fig. 3a) . (Fig. 3b) . We then used the genes associated with p38 MAPK as an upstream regulator in this analysis to represent a gene expression module for p38 MAPK activity. The geometric mean expression of this module was significantly attenuated in MDDC differentiated in the presence of 1,25[OH]D (Fig. 3c ) consistent with the hypothesis that vitamin D attenuated the activity of this pathway also.
Differential effects of vitamin D on innate immune activation in myeloid cell subsets
Next, we sought to test the hypothesis that vitamin D inhibition of innate immune signalling pathways, which are evident in MDDC, are also observed in MDM, and in circulating blood monocytes and myeloid DC.
The MDM were differentiated with M-CSF in the presence and absence of 1,25[OH]D for 6 days as previously described.
2 Canonical NF-jB pathway activation in response to LPS or PCSK was then assessed in this model using a well-established microscopy assay to quantify nuclear translocation of NF-jB p65. 13, 17, 18 These cells showed a clear dose response to both stimuli but no attenuation of NF-jB activation in MDM exposed to vitamin D (Fig. 4a,b) . REL  SP1  NFKB1  SPI1  SPIB  IRF2  MZF1_5-13  MZF1_1-4  ELK1  IRF1  ELF5  FEV  STAT1  RUNX1  FOXA1  EWSR1-FLI1  TP53  GABPA  Hand1::Tcfe2a  HOXA5  FOXI1  SRY   TNF  IFNG  IL1B  NFkB  IFNα  IRF7  TLR4  IFNA2  MYD88  TLR7  P38 MAPK  TLR3  STAT1  F2  TICAM1  CSF2  TLR9  CD40LG  IFNL1  IL5 (Fig. 4c) . In this analysis, we detected increased NF-jB p65 phosphorylation, but no increase in p38 MAPK phosphorylation in myeloid DC following stimulation with LPS. The NF-jB response was inhibited in peripheral blood myeloid DC after overnight exposure to 1,25[OH]D (Fig. 4d,e) , consistent with the inhibitory effect of vitamin D on innate immune stimulation of MDDC. In contrast, phosphorylation of both NF-jB p65 and p38 MAPK was significantly enhanced in peripheral blood monocytes exposed to 1,25[OH]D (Fig. 4d,e) . Hence pre-incubation with vitamin D had the opposite effect on innate immune response signalling in blood monocytes and myeloid DC. (Fig. 5a ).
Patients with serum 25[OH]D levels below 25 nM (10 ng/ml) are considered deficient, and vitamin D supplementation is mandated in this group. Those with levels between 25 and 75 nM (10-30 ng/ml) are considered vitamin D insufficient, with supplementation optional depending on the patient's co-morbidities and symptoms. The aim of supplementation is to achieve levels of > 75 nM (30 ng/ml), according to published guidelines. of PBMC to 1,25[OH]D, we found that successful in vivo supplementation with vitamin D3 in this group was associated with enhanced LPS-induced phosphorylation of p38 MAPK in monocytes, but we found no significant effects on LPS-induced phosphorylation of NF-jB p65 in monocytes, or on either signalling event in circulating myeloid DC (Fig. 5c) . We also tested patients in whom pre-supplementation 25[OH]D levels were > 25 nM. In this group, we found no differences in the target NF-jB or MAPK signalling events in either the monocytes or myeloid DC within PBMC (Fig. 5d) , suggesting that an effect of vitamin D supplementation is only detectable in those with vitamin D deficiency (< 25 nM) before receiving oral supplements.
Discussion
Vitamin D has been consistently shown to inhibit maturation of MDDC following innate immune stimulation and consequently their ability to activate T cells. We have confirmed that vitamin D inhibits NF-jB and MAPK signalling in MDDC following innate immune stimulation. This was associated with a global attenuation of LPSinduced transcriptional responses. We could not replicate a previous report that pro-inflammatory innate immune responses were augmented by vitamin D.
14 The inhibitory effects of in vitro vitamin D treatment on innate immune signalling was reproduced in primary peripheral blood myeloid DC, but not in monocytes within the same PBMC samples or in MDM. In fact, we observed increased innate immune activation of both NF-jB and MAPK pathways in monocytes within PBMC following in vitro incubation with vitamin D. At face value, this observation also contrasts with a previous report that in vitro incubation of monocytes with vitamin D does inhibit innate immune signalling and transcriptional responses, possibly as a result of down-regulated expression of innate immune receptors such as TLR2 and TLR4. 20 Interestingly, however, the effect of vitamin D in this earlier report was most evident with increasing time in culture, raising the possibility that the observations may have been confounded by in vitro cellular differentiation of the monocytes in culture. Further paired assessments of peripheral blood monocytes and myeloid DC from vitamin D-deficient subjects before and after oral vitamin D3 supplementation provided a unique opportunity to assess in vivo modulation of innate immune activation pathways by vitamin D. In these experiments, we found increased innate immune activation of the MAPK pathway in monocytes, but no effect on NF-jB activation and no effect in peripheral blood myeloid DC. These effects were specific to the subgroup of patients with baseline 25[OH]D levels < 25 nM and not evident in those with baseline 25[OH]D levels of 25-75 nM, suggesting that vitamin D supplementation to modulate innate immune signalling may only be effective in people with severe deficiency.
Taken together, we conclude that although vitamin D undoubtedly can modulate innate immune activation pathways in myeloid cells, its effects are highly cell-specific. Most importantly, our data highlight that translational applications in which vitamin D supplementation is being suggested on the basis of the existing literature in DC, may actually cause the opposite effect, particularly in diseases in which monocytes or macrophages play a dominant role. Further, immunological assessments before and after vitamin D supplementation are needed to inform context-specific immunomodulatory interventions with vitamin D specifically targeting those with pre-existing deficiency with baseline levels < 25 nM.
